Abstract. Catechins and caffeine, which are green tea components, have a slimming effect; however, the combinational effect of fat metabolism in 3T3-L1 cells remains unclear. In the present study, 3T3-L1 cells were treated with catechins and caffeine in combination, and it was found that combination therapy with catechins and caffeine markedly reduced intracellular fat accumulation, mRNA expression levels of peroxisome proliferator-activated receptor-γ and CCAAT/enhancer-binding protein α in the early stage of cell differentiation were significantly reduced, and mRNA expression of fatty acid synthetase (FAS) and glycerol-3-phosphate dehydrogenase protein expression levels of FAS were downregulated. Noradrenaline-induced lipolysis was enhanced by caffeine, which markedly increased the protein expression of adipose triglyceride lipase and hormone sensitive lipase. These results indicated that combination therapy with catechins and caffeine synergistically inhibited lipid accumulation by regulating the gene and protein expression levels of lipid metabolism-related enzymes. Therefore, catechins and caffeine combination therapy has potential as a functional food that may be used to prevent obesity and lifestyle-associated diseases.
Introduction
Obesity, which is a disease characterized by the excessive accumulation of triglyceride (TG), manifests as adipocytes that increase in size and number accompanied by lipolysis damage in adipose tissue. Obesity has become a global hazard to human health, and is also a major public health concern that inflicts an increasing financial burden on numerous countries (1) . Human and animal studies have demonstrated that obesity is associated with multiple chronic metabolic disorders, including hypertension, certain types of cancer, cardiovascular disease, type 2 diabetes mellitus and dyslipidemia (2) (3) (4) (5) . These associations rely on the excessive differentiation and growth of adipocytes, the main constituent of fat, which leads to increased fat cell mass and number, surplus energy accumulation stored as TG in adipocytes, and adipogenesis, which includes structural changes lipid accumulation and lipogenic enzyme expression (6) . The main therapeutic agents for obesity are orlistat and sibutramine hydrochloride, both of which are known to have toxic side effects (7, 8) . Therefore, it is important that efforts are made to seek an effective and secure natural product to inhibit or delay the occurrence of obesity.
Animal studies have indicated that certain plant extracts and their respective bioactive components may have direct effects on adipose tissue, and their synergistic or additive effects have been investigated (9) . Total isoflavones from P.lobata significantly inhibited the increase in body weight and lipoprotein levels, furthermore puerarin decreased body and intraperitioneal adipose tissue weight (10, 11) . Adipose tissue is a dynamic metabolic and endocrine organ that has a vital role in energy homeostasis, which regulates preadipose cell growth, adipocyte differentiation and lipogenesis (12) . Adipose tissue is predominantly composed of adipocytes, and 3T3-L1 adipocytes have been recognized as a classic model of fat metabolism (13) . Following induction, 3T3-L1 preadipocytes differentiate into mature adipocytes, the process of which consists of changes in cell morphology, transcription factors and lipid metabolism-related enzymes; therefore, it can provide a well-established model of adipocyte differentiation at the cellular level (14) . Consequently, the inhibition of TG accumulation in 3T3-L1 cells may be of crucial therapeutic importance to treating obesity.
Green tea is one of the most popular drinks in Asia, and drinking tea regularly is beneficial to weight loss (15) .
Studies have revealed that physiological functions of green tea include antioxidative, anti-inflammatory and anti-cancer effects, and type 2 diabetes mellitus prevention (3) . Therefore, intake of green tea is effective in lowering total cholesterol (TC) and low-density lipoprotein cholesterol concentrations in adults (16) , reducing body weight, body mass index (BMI) and waist circumference in the elderly with metabolism syndrome (17) . Catechins and caffeine are the main functional components in green tea. Caffeine content in green tea is 1-5% (18), whereas catechins may constitute up to 30% of the dry weight (19) . Catechin-and caffeine-rich teas have the potential to have a significant impact on fat absorption and energy intake (20) . Catechins have been demonstrated to reduce the levels of TG and TC in serum and liver (21) , and higher catechin intake is associated with a lower BMI increase in women who have been drinking tea for >14 years (22) .
Catechins and caffeine effectively stimulate thermogenesis by relieving inhibition at various control points along the noradrenaline-cAMP axis in rats (23) . In a previous study, catechins and caffeine significantly reduced body weight increases and the weight of intraperitoneal adipose tissues compared with control mice (24) . Green tea extract has thermogenic properties and/or promotes fat oxidation, which may be responsible for the control of body composition that has been documented in humans (25) . Despite the widespread use of catechins and caffeine, the combinational effect of catechins and caffeine has rarely been reported in 3T3-L1 cells, and the mechanism of its therapeutic effect has not been elucidated. In the present study, the effect of combination therapy with catechins and caffeine was investigated in differentiated 3T3-L1 cells, including analysis of lipid accumulation in the treated cells, genes expression levels of adipocyte-specific enzymes, including fatty acid synthetase (FAS), glycerol-3-phosphate dehydrogenase (GPDH), and adipogenic transcriptional factors, including peroxisome proliferator-activated receptor γ (PPARγ) and CCAAT/enhancer-binding protein α (C/EBPα), and protein expression of FAS, adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL).
Materials and methods
Reagents. Newborn calf serum (NBCS), fetal bovine serum (FBS) and Dulbecco's modified Eagle's medium (DMEM) were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Insulin, dexamethasone, isobutylmethylxanthine and noradrenaline (NA) were obtained from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Antibodies against ATGL (2138S) and HSL (4107S) were purchased from Cell Signaling Technology, Inc., (Danvers, MA, USA). FAS antibody (sc-1023) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), β-actin antibody (TA-09) and secondary antibodies (ZB-2305Mo and ZB-2301Rb) were purchased from Zhongshan Golden Bridge Biotechnology Co., Ltd., (Beijing, China).
Cell culture and differentiation. 3T3-L1 cells were obtained from KeyGEN Biotechnology (Nanjing, China). Cells were cultured in a humidified atmosphere containing 5% CO 2 at 37˚C in DMEM supplemented with 10% NBCS. Two days after confluence, 3T3-L1 preadipocytes were differentiated into adipocytes by changing to 10% FBS DMEM supplemented with 5 mg/ml insulin, 0.25 µmol/l dexamethasone and 0.5 mM isobutylmethylxanthine for 48 h (defined as day 0). Subsequently, the cells were placed in the same medium containing 5 mg/ml insulin, but lacking any other supplements for an additional 2 days. Following this, the cell medium was replaced with DMEM containing 10% FBS, and was replenished every 2 days until more than 90% of cells were mature adipocytes with accumulated fat droplets, as identified under a light microscope. To examine the effects of combination therapy with catechins and caffeine on adipogenesis, 3T3-L1 adipocytes were treated with various concentrations of systematic catechins and caffeine: 40 µg/ml catechins (group I), 160 µg/ml caffeine (group II), control (group III), 80 µg/ml caffeine + 10 µg/ml catechins (group IV), 160 µg/ml caffeine + 10 µg/ml catechins (group V), 80 µg/ml caffeine + 20 µg/ml catechins (group VI), 160 µg/ml caffeine + 20 µg/ml catechins (group VII), 80 µg/ml caffeine + 40 µg/ml catechins (group VIII), 160 µg/ml caffeine + 40 µg/ml catechins (group IX) at the time of induction period (days 0-4).
Oil Red O staining. Lipid accumulation was determined to mirror the degree of differentiation at day 8 by Oil red O staining. Cells were washed twice with PBS at pH 7.4 and subsequently fixed with 10% formalin for 30 min at room temperature. Following washing with distilled water twice, cells were completely dried before staining with 0.5% Oil Red O for 1 h. Thereafter, the stained cells were washed three times with distilled water, and representative images of treated cells were obtained with an inverted microscope (magnification, x400).
Determination of TG level. 3T3-L1 cells were seeded in 24-well plates and incubated in the presence of various concentrations of catechins and caffeine in combination as described. Adipocytes were washed with PBS at day 8 after the initiation of differentiation, and cell lysis reagent were added into each well and incubated for 15 min. The lysate was transferred to a new Eppendorf tube, heated at 70˚C for 10 min, centrifuged (1,000 x g; 4˚C; 10 min), and the cellular TG content was subsequently determined using a commercial triglyceride assay kit (Applygen, Beijing, China). According to the manufacturer's protocol, absorbance was detected at 570 nm and quantified using a spectrophotometric microplate reader.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from 3T3-L1 cells with TRIzol reagent (TransGen Biotech, Beijing, China) in accordance with the manufacturer's protocol. cDNAs were synthesized using a SuperScript First-Strand Synthesis system kit (Invitrogen; Thermo Fisher Scientific, Inc.). All primer sequences used were as follows: C/EBPα, forward 5'-CGC AAG AGC CGA GAT AAA GC-3' and reverse 5'-GAG ATC CAG CGA CCC GAA AC-3'; FAS, forward 5'-CAA GTG TCC ACC AAC AAG GCG-3' and reverse 5'-GAT GCC GTC AGG TTT CAGT-3'; GPDH, forward 5'-TGT GTC CGT CGT GGA TCTGA-3' and reverse 5'-CCT GCT TCA CCA CCT TCT TGA-3'; PPARγ2, forward 5'-CCA CTC GCA TTC CTT TGAC-3' and reverse 5'-CCA CAG ACT CGG CAC TCA AT-3'; β-actin, forward 5'-CTGTCCCTGTATGCCTCTG-3' and reverse 5'-ATG TCA CGC ACG ATT TCC-3'. Reaction conditions were as follows: preheated at 95˚C for 3 min, 35 cycles of 94˚C for 30 sec, 55-65˚C for 30 sec and 72˚C for 40 sec, followed by 72˚C for 10 min. Quantification was achieved using the 2 -∆∆Cq method (26) , which calculates the relative changes in gene expression of the target normalized to β-actin. The intensity of the PCR products on the agarose gel was measured with ImageJ image analysis software (National Institutes of Health, Bethesda, MA, USA).
Western blot analysis. 3T3-L1 cells were cultured for 8 or 12 days in the absence or presence of catechins and caffeine as described above. At day 12, each group was incubated with or without 0.1 µg/ml noradrenalin in phenol red-free DMEM without serum for 24 h. Mature 3T3-L1 cells were washed twice with cold PBS and scraped into lysis buffer for 10 min. The cell mixture was centrifuged at 12,000 x g for 5 min at 4˚C, and the supernatant was preserved in liquid nitrogen until western blotting. An aliquot containing 30 µg supernatant protein was separated by 0.1% SDS-PAGE and subsequently transferred onto polyvinylidene fluoride membrane with Transfer film buffer. The membrane was blocked for 2 h at room temperature with 10 mM PBS containing 0.1% Tween 20 and 5% nonfat milk. Following washing with Tris buffered saline with Tween 20 (TBST), membranes were incubated with anti-FAS, anti-ATGL antibody, anti-HSL and anti-β-actin primary antibodies (all 1:1,000) at 4˚C overnight. Subsequently, they were washed three times with TBST for 5 min followed by incubation with the secondary antibody at a dilution of 1:2,000 for 1 h at room temperature. Bands were detected by chemiluminescent substrate and protein expression was quantified using VWLS 7.0.1 software (UVP, Inc., Upland, CA, USA). Intracellular proteins were quantified and normalized to β-actin, and expressed as a percentage of the control.
Statistical analysis. Data were presented as mean ± standard error, and all determinations were repeated four times. Statistical analysis was performed using one-way analysis of variance with the SPSS 10.0 statistical software package (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Combinational effects of catechins and caffeine on lipid accumulation in 3T3-L1 cells. Oil Red O staining results
showed that combination therapy with catechins and caffeine markedly inhibited cell differentiation. Moreover, it was demonstrated that the higher the concentration of catechins in the combination, the stronger the inhibitory effect on fat synthesis (Fig. 1A) . As shown in Fig. 1B , compared with the control, the TG content of groups I, V, VI, VII, VIII and IX were reduced by 24.4, 28.8, 26.1, 31.8, 40.7 and 51.7%, respectively (P<0.05). When administered alone, caffeine exhibited no obvious change in intracellular TG levels, whereas the other groups containing catechins markedly inhibited lipid accumulation. These data indicated that reduced fat deposition was responsible for the anti-adipogenic effect induced by combination therapy with catechins and caffeine in 3T3-L1 cells. When catechins in combination remained the same and the caffeine concentration increased, TG content was lower in 3T3-L1 cells, indicating that 3T3-L1 adipocytes treated with catechins and caffeine in combination exhibited a dose-dependent decrease in TG content.
Combinational effects of catechins and caffeine on gene expression levels in 3T3-L1 cells.
PPARγ and C/EBPα coordinately activate the entire program of differentiation in adipocytes (27) ; therefore, the effect of combinational catechins and caffeine on the mRNA expression levels of PPARγ2 and C/EBPα was examined (Fig. 2) . Combination therapy with catechins and caffeine markedly suppressed the gene expression of PPARγ2 and C/EBPα in the early stage of adipogenesis, particularly in cells treated with the combination of 40 µg/ml catechins. These results suggested that combination therapy with catechins and caffeine may arrest cell differentiation by reducing the mRNA expression of PPARγ2 and C/EBPα in 3T3-L1 cells. As observed in Fig. 3A , catechins and caffeine in combination significantly affected FAS mRNA expression; notably, the inhibitory effect was directly proportional to the catechin concentration. Compared with the control, GPDH mRNA expression levels in I, VIII and IX were decreased by 22.45, 24.39 and 25.21%, respectively (P<0.05; Fig. 3B ).
Combinational effects of catechins and caffeine on protein expression levels in 3T3-L1 cells.
The present findings demonstrated that exposure of 3T3-L1 cells to different concentrations of catechins and caffeine in combination decreased the protein expression level of FAS, particularly in cells treated with 40 µg/ml catechins at day 8. Catechins and caffeine in combination have a synergistic effect on FAS expression, as indicated by the findings that FAS expression levels in groups I, VIII and IX were decreased by 30.25, 31.56 and 37.73%, respectively (Fig. 4) . The addition of NA significantly increased the protein expression levels of HSL ( Fig. 5A ; P<0.05) and ATGL ( Fig. 5B; P<0 .05) in all the groups. Compared with NA, caffeine therapy had a marked role in increasing the protein expression levels of HSL and ATGL (P<0.05; Fig. 5) .
Discussion
The present study demonstrated that combination therapy with catechins and caffeine may significantly reduce fat accumulation in 3T3-L1 cells. Epigallocatechin-3-gallate (EGCG), which is one of the main catechins of green tea, has been reported to decrease intracellular fat accumulation after incubation with 10 µM EGCG for 24 h, and increase the amount of glycerol released in the medium in 3T3-L1 cells (28) . 3T3-L1 cells treated with 50 µmol/l caffeine exhibited significantly reduced fat accumulation in another previous study (29) . Furthermore, catechins reduced the level of TG in the liver, and combination therapy with catechins and caffeine reduced body weight gain and intraperitoneal adipose weight in mice (24) . In vivo, a previous study indicated that the combination of catechins and caffeine inhibited fat accumulation, which is consistent with the effect demonstrated in vitro in the present study, and the combination revealed a synergistic effect.
It has been shown that the adipocyte differentiation process involves the expression of a series of adipocyte-specific genes, which are synergistically regulated by PPARγ and C/EBPα (30) . It has been demonstrated that the PPARγ2 gene, which is more abundantly expressed in the adipose tissues than PPARγ1, has a critical role in adipocyte differentiation and adipogenesis, and exogenous PPARγ2 is able to reactivate adipogenesis (31) . In the present study, in 3T3-L1 cells exposed to the combination of catechins and caffeine, PPARγ2 and C/EBPα levels were significantly suppressed in groups I, V, VII, VIII and IX on the fourth day, which subsequently changed to groups I, VIII and IX at the eighth day of * and □ indicated significant differences compared with the levels of control (P<0.05). PPAR, peroxisome proliferator-activated receptor; C/EBP, CCAAT/enhancer-binding protein; I, 40 µg/ml catechins; II, 160 µg/ml caffeine; III, control; IV, 80 µg/ml caffeine + 10 µg/ml catechins; V, 160 µg/ml caffeine + 10 µg/ml catechins; VI, 80 µg/ml caffeine + 20 µg/ml catechins; VII, 160 µg/ml caffeine + 20 µg/ml catechins; VIII, 80 µg/ml caffeine + 40 µg/ml catechins; IX, 160 µg/ml caffeine + 40 µg/ml catechins. .05). TG, triglyceride; I, 40 µg/ml catechins; II, 160 µg/ml caffeine; III, control; IV, 80 µg/ml caffeine + 10 µg/ml catechins; V, 160 µg/ml caffeine + 10 µg/ml catechins; VI, 80 µg/ml caffeine + 20 µg/ml catechins; VII, 160 µg/ml caffeine + 20 µg/ml catechins; VIII, 80 µg/ml caffeine + 40 µg/ml catechins; IX, 160 µg/ml caffeine + 40 µg/ml catechins.
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differentiation. PPARγ ligands are exclusively involved in cell differentiation during the first four days in 3T3-L1 cells (32) . 3T3-L1 cells treated with 100 µM EGCG, noticeably downregulated the mRNA expression levels of PPARγ and C/EBPα at day 8 in a previous study (33) . Whereas, 5 µM EGCG treatment during the early stage of cell differentiation enhanced mRNA expression of PPARγ2, but did not affect C/EBPα gene expression (34) ; thus the concentration and times of treatment administration may be responsible for the difference. FAS and GPDH are associated with fat synthesis, and have been demonstrated to increase their levels 10-100 fold during adipocyte differentiation (35) . GPDH is a key intracellular enzyme in the conversion of glycerol to TG in the lipid synthesis pathway (36) ; its increased activity was demonstrated to be positively associated with the degree of adipocyte differentiation, which is measured as an indicator of differentiation (37) . Catechins and catechins + caffeine remarkably inhibited the mRNA expression levels of FAS and GDPH at day 8 in the present study. These results suggest that catechins and caffeine in combination concertedly suppressed adipogenesis through the downregulation of the genes expression of transcriptional factors and adipogenesis-related enzymes.
Consistent with the FAS mRNA expression levels demonstrated, FAS protein expression decreased in a dose-dependent manner after treatment with catechins and caffeine in combination. Fat is coordinated through lipogenesis and lipolysis, and full hydrolysis depends on the activity of ATGL, HSL and monoacylglycerol lipase (38) . ATGL, which is highly expressed in white adipose tissue and is involved in triglyceride-specific hydrolysis (39) , and HSL have an important role in lipid metabolism, particularly in hydrolyzing diglyceride and monolglyceride (40) . Recent studies have shown that ATGL and HSL are activated simultaneously, in order to allow HSL access to the lipid droplet and meanwhile permit the stimulation of ATGL (41) . Catecholamines, including NA, adrenaline and dopamine, are important regulatory factors of adipose tissue lipolysis, combined with β-receptors to promote lipid metabolism (42) . Catecholamine-induced lipolysis has shown that lipid droplets shrink in mature adipocytes and that small lipid droplets develop in almost all cells (43) . In the present study, the addition of NA notably increased both ATGL and HSL protein expression levels. It has been demonstrated that catecholamines are able to function in receptors on the surface to activate lipolysis, promote cAMP synthesis and activate PKA pathway, in order to phosphorylate HSL and perilipin (44) .
In vitro experiments have indicated that phosphorylation of HSL may induce conformational changes; notable, activity increased by ~100% by exposing and/or increasing HSL lipid Figure 3 . Effects of combination therapy with catechins and caffeine on mRNA expression relative to lipogenesis. Differentiated 3T3-L1 cells were treated with various concentrations of catechins and caffeine in combination, and harvested at day 8. Gene expression levels of (A) FAS and (B) GPDH were measured by reverse transcription-quantitative polymerase chain reaction. Data are presented as the mean ± standard error (n=4), and the results were normalized to the expression of β-actin. Different letters indicate samples that are significantly different ( * P<0.05). FAS, fatty acid synthetase; GPDH, glycerol-3-phosphate dehydrogenase; I, 40 µg/ml catechins; II, 160 µg/ml caffeine; III, control; IV, 80 µg/ml caffeine + 10 µg/ml catechins; V, 160 µg/ml caffeine + 10 µg/ml catechins; VI, 80 µg/ml caffeine + 20 µg/ml catechins; VII, 160 µg/ml caffeine + 20 µg/ml catechins; VIII, 80 µg/ml caffeine + 40 µg/ml catechins; IX, 160 µg/ml caffeine + 40 µg/ml catechins. Figure 4 . Effects of combination therapy with catechins and caffeine on protein expression levels of FAS in 3T3-L1 adipocytes. Differentiated 3T3-L1 cells were treated with various concentrations of catechins and caffeine in combination, and harvested at day 8. Cell proteins were extracted and subjected to western blotting and densitometry analysis. Data are presented as the mean ± standard error (n=4) and protein levels were normalized to the expression of β-actin. * P<0.05) with the control. FAS, fatty acid synthetase; I, 40 µg/ml catechins; II, 160 µg/ml caffeine; III, control; IV, 80 µg/ml caffeine + 10 µg/ml catechins; V, 160 µg/ml caffeine + 10 µg/ml catechins; VI, 80 µg/ml caffeine + 20 µg/ml catechins; VII, 160 µg/ml caffeine + 20 µg/ml catechins; VIII, 80 µg/ml caffeine + 40 µg/ml catechins; IX, 160 µg/ml caffeine + 40 µg/ml catechins.
binding region in a previous study (45) . Moreover, phosphorylated perilipin spur comparative gene identification-58 into the cytoplasm to integrate with ATGL, activating ATGL and lipolysis (46) . It has also been demonstrated that the enhancement of catecholamine induces lipolysis in adipocytes treated with AICAR for 8 weeks, accompanied by the increased protein expression of ATGL and periilipin in fat depots (47) . In the present study, combination therapy with catechins and caffeine markedly increased the protein levels of ATGL and HSL induced by NA, thereby inhibiting fat accumulation in 3T3-L1 cells.
In conclusion, the findings of the present study showed that combination therapy with catechins and caffeine inhibited fat deposition by inhibiting the mRNA expression of transcriptional factors and adipogenesis-related enzymes, and enhancing the protein expression of lipolysis-related enzymes in the presence of NA in 3T3-L1 cells. These results indicate that the use of catechins and caffeine in combination may be considered as potential candidate for the regulation of obesity and lifestyle-related disease. Figure 5 . Effects of combination therapy with catechins and caffeine on protein expression levels relative to lipolysis in 3T3-L1 adipocytes. Differentiated 3T3-L1 cells were treated with various concentrations of catechins and caffeine in combination, and harvested at day 13. Cell proteins were extracted and subjected to western blotting and densitometry analysis to determine (A) HSL and (B) ATGL protein expression levels. Data are presented as the mean ± standard error (n=4) and protein levels were normalized to the expression of β-actin. Letters with different superscripts indicate samples that are significantly different ( * P<0.05) with the control. HSL, hormone sensitive lipase; ATGL, adipose triglyceride lipase; NA, noradrenaline; I, 40 µg/ml catechins; II, 160 µg/ml caffeine; III, control; IV, 80 µg/ml caffeine + 10 µg/ml catechins; V, 160 µg/ml caffeine + 10 µg/ml catechins; VI, 80 µg/ml caffeine + 20 µg/ml catechins; VII, 160 µg/ml caffeine + 20 µg/ml catechins; VIII, 80 µg/ml caffeine + 40 µg/ml catechins; IX, 160 µg/ml caffeine + 40 µg/ml catechins.
A B
